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Media and small-scale cultivation conditions
For E. coli selection, we used Lysogeny Broth (LB) with 100 mg/L ampicillin. For the selection 135 of yeast strains, we used Yeast-Peptone-Dextrose (YPD) agar supplemented with 200 mg/L 136 G418 for selection of Cas9 vector and 100 mg/L nourseothricin for selection of the gRNA 137 vector. Synthetic Complete (SC) medium was prepared using 6.7 g/L Yeast Nitrogen Base 138 without amino acids from Sigma-Aldrich, 1.92 g/L Synthetic Drop-out supplement without 139 histidine from Sigma-Aldrich and 76 mg/L histidine. For ERG production, yeast strains were 140 cultivated in SC medium with 20 or 40 g/L glucose or with 60 g/L EnPump substrate (and 0.6% 141 enzyme reagent) as carbon source. Precultures for cultivation experiments were prepared by 142 inoculating a single colony of a strain into 5 ml of the medium used in the cultivation experiment 143 and incubating at 30 °C and 250 rpm for 24 hours. The cultivations were performed in 24-deep-144 well plates from EnzyScreen, 3 ml of medium was used per well and the starting OD600 was 0.5. 145 The plates were incubated at 30 °C with 250 rpm agitation. 146 147 2.4 HPLC analyses 148 To determine the extracellular ergothioneine concentration, a 1-ml sample of fermentation broth 149 was centrifuged at 3,000 x g for 5 min, the supernatant was moved into an HPLC vial and stored 150 at -20 °C until the analysis. The remaining cell pellet was washed twice with 1 ml MilliQ water 151 and resuspended in 1 ml water. The extraction of intracellular ERG was performed according to 152 Alamgir et al. (Alamgir et al., 2015) as following. The mixture was heated at 94° C for 10 153 minutes, vortexed at 1,600 rpm for 30 minutes using a DVX-2500 Multi-Tube Vortexer from 154 VWR, and centrifuged at 10,000 × g for 5 minutes. The supernatant was transferred into an 155 HPLC vial and stored at +4 °C until analysis. The ERG concentrations were measured using a 156 Dionex Ultimate 3000 HPLC system. Quantification was done based on standard curves using 157 Chromeleon software. 5 l of sample was injected on a Cortects UPLC T3 reversed-phase 158 column (particle size 1.6 µm, pore size 120 Å, 2.1 × 150 mm). The flow rate was 0.3 ml/min, 159 starting with 2.5 minutes of 0.1% formic acid, going up to 70% acetonitrile, 30% 0.1% formic 160 acid at 3 minutes for 0.5 minutes, after which 100% 0.1% formic acid was run from minute 4 to 161 9. Ergothioneine was detected at a wavelength of 254 nm. For analysis of bioreactor samples, we 162 additionally quantified glucose, ethanol, pyruvate, and acetate concentrations by HPLC as 163 described (Borodina et al., 2015) .
165
Fed-batch fermentation in bioreactors 166
A single colony from a YPD plate with ST8927 colonies (see below) was used to inoculate 5 ml 167 of minimal media in 13-ml tube. The tube was incubated at 30° C and 250 rpm overnight. This 168 overnight culture was transferred into 95 ml mineral medium in 500 ml baffled shake flask. The 169 shake flask was then incubated overnight at 30° C and 250 rpm. 40 ml of this dense culture was 170 used to inoculate 60 ml mineral medium in a new 500 ml baffled shake flask. Two shake flasks 171 were prepared this way. These shake flasks were incubated at 30° C and 250 rpm for 4 hours, the 172 content of both shake flasks was combined, then centrifuged at 3,000 x g for 5 min. The 173 supernatant was discarded, the pellet was washed with 25 ml sterile water, resuspended and 174 centrifuged as before. The supernatant was discarded and the pellet resuspended in 10 ml mineral 175 medium. This was then used to inoculate 0.5 l mineral medium in a 1 l Sartorius bioreactor. The 176 starting OD600 was 0.85. The stirring rate was set at 500 rpm, the temperature was kept at 30° 177 C, and pH was maintained at pH 5.0 using 2 M KOH and 2 M H2SO4. The feeding was started as 178 soon as CO2 in the off-gas decreased by 50%. The initial feed rate was set at 0.6 g glucose h -1 , 179 5 linearly increasing to 2.5 g glucose h -1 over the span of 25.5 hours. After that, the feed was set at 180 a constant 1.4 g glucose h -1 and 17.8 hours later, the feeding rate was set to a constant 2.9 g 181 glucose h -1 . The feed was stopped at 84 hours. At 60.5 and 75.5 hours, 2 g (NH4)2SO4 was added 182 as a sterile 100 g/l solution. At 60.5 and 73.5 hours, 0.5 g MgSO4 was added as a sterile 50 g/l 183 solution, while 4 ml sterile trace metals solution and 2 ml sterile vitamin solution were added. containing transporters linked to GFP and the control strain were used to inoculate 5 ml YPD 201 medium in 14 ml tubes at OD600 = 2 and were cultured at 30° C and 250 rpm for 5 hours. 1 ml of 202 the culture was harvested at 3,000 × g for 5 minutes. The cells were washed two times with PBS 203 and subsequently pictures of the cells were taken using a Leica DM 400 B system, using Leica 204 Application Suite V4 as image software. 
Engineering ergothioneine transport 261
The concentration of ERG inside the cells can be estimated to be ~3.5 mM (for strain ST8461 on 262 simulated fed-batch medium), which is 80-fold higher than in the broth. High intracellular 263 concentrations of a product may inhibit its own biosynthesis or lead to product degradation 264 (Borodina, 2019; Kell, 2019; Kell et al., 2015) . We speculated that expressing an ERG-specific 
Engineering of nitrogen metabolism 282
The amino acid metabolism of Saccharomyces cerevisiae is tightly regulated and its networks 283 highly intertwined (Hinnebusch, 1988 (Hinnebusch, , 2005 Hinnebusch and Natarajan, 2002; Ljungdahl and 284 Daignan-Fornier, 2012). Therefore, it would be easier to increase the total amino acid pool rather 
Supplementation of the medium with precursor amino acids 298
To determine whether the supply of the three amino acids (L-histidine, L-cysteine, and L-299 methionine) that serve as precursors for ERG biosynthesis is limited, we cultivated several yeast 300 strains with supplementation of 1 g/L or 2 g/L of each of L-methionine, L-cysteine and L-301 histidine. We chose two producing strains, ST8461 and ST8654, the latter containing the 302 MsMEI_8064 gene. A non-producing strain ST7574 was used as a control. The experiments 303 were performed in shake flasks and growth and ERG production were monitored over the course 304 of three days ( figure 5 ). ERG accumulated primarily in the first 24 hours of cultivation, which 305 would correspond to the exponential growth on glucose, reaching ca. 16 mg/L in both producing 306 strains, independent of any amino acid supplementation. The supplementation, however, affected 307 the cellular growth, with the final OD being approximately 46% and 52% lower when 1 g/L or 2 308 g/L respectively of the amino acids were added. No degradation of ERG was observed; however 309 surprisingly, there was a large variation in the intracellular vs extracellular distribution of ERG 310 depending on the addition of amino acids. Specifically, the addition of amino acids promoted 311 the excretion of ERG in the stationary phase. We hypothesized that this was due to cell death 312 because of the toxic effects of the added amino acids, in particular histidine (Watanabe et al., 313 2014) and cysteine (Kumar et al., 2006) . Indeed propidium iodide staining of cells sampled every 314 24 hours for 72 hours, showed an increase in the fraction of dead cells from 9 to 70%, when 315 amino acids were added at concentrations of 1 g/L (supplementary figure 3) . Clearly, the 316 8 concentrations of amino acids used were too high and hence we decided to undertake a more 317 systematic medium optimization approach as described in the next section.
319
Medium optimization 320
To perform optimization of medium composition, we chose a two-level fractional factorial 321 design, where the concentrations each of the components of the synthetic complete medium were 322 varied 5-fold ( figure 6, supplementary table 8 ). Strain ST8461 was cultured in SC medium 323 (medium 65 in figure 6) to provide a baseline for the ergothioneine production during the 324 experiment with which to compare the performance of the other media. After 48 hours, 63% of 325 the designed media outperformed SC medium with regard to ERG titers. To be able to identify 326 the best contributing components, the analysis was narrowed down to the eight top-performing 327 media. Higher levels of arginine, histidine, methionine and pyridoxine were present in these 328 media, while we could find no compound that had its concentration reduced across most or all of 329 these media. Even though cysteine is a precursor for ergothioneine, it is not universally increased 330 across the different media. However, as methionine can be converted into both S-adenosyl 331 methionine and cysteine by yeast, increased levels of methionine in the medium by itself could 332 be enough for increasing ERG titers. Pyridoxine is a precursor for pyridoxal 5'-phosphate (PLP), 333 which binds to EgtE to facilitate the conversion of HCO to 2-(hydroxysulfanyl)hercynine in a 334 PLP-dependent manner (Song et al., 2015) . Since CpEgt2 is the fungal equivalent of EgtE, it is 335 likely that pyridoxine has a positive effect on ERG production through CpEgt2. Interestingly, 336 higher concentrations of arginine also increased ergothioneine production. The amino acid 337 metabolism of S. cerevisiae contains many degradation and bioconversion pathways for arginine 338 to be converted into other amino acids (Ljungdahl and Daignan-Fornier, 2012) , which might 339 contribute to the increased ERG titers. 340 341 3.7 Enhancing the expression of ergothioneine biosynthetic genes 342 We recognized that the ERG-producing strain could be improved by increasing the expression of 343 the ERG biosynthetic genes. We integrated an additional copy of NcEgt1 and/or CpEgt2 344 expression casseted into ST8461 ( figure 7 ). An additional copy of NcEgt1 increased the titer by 345 80% and 20% for batch and simulated fed-batch medium respectively, while an additional copy 346 of Egt2 did not increase the ergothioneine titer and even caused a decrease in simulated fed-347 batch medium. When additional copies of both genes were integrated, the total titer was 348 increased by 25% on simulated fed-batch medium (ST8927). The marginal increase in titer 349 indicates that the flux control of the pathway mainly resides elsewhere, either with the precursor 350 supply or NcEgt1 and CpEgt2 may experience inhibition from ERG or its intermediates; this 351 needs to be addressed through further strain engineering. Yang, N.-C., Lin, H.-C., Wu, J.-H., Ou, H.-C., Chai, Y.-C., Tseng, C.-Y., et al. (2012) .
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